Figure 1. Expression of Ephrin-A and EphA Genes in the Olfactory System

Coronal sections through the mouse olfactory epithelium at postnatal day 3 reveal expression of mRNA for olfactory marker protein (A and D), ephrin-A3 (B and E), and ephrin-A5 (C and F). Ephrin expression extends more basally than OMP, indicating that immature olfactory sensory neurons contain ephrins. In coronal sections of the olfactory bulb at postnatal day 1, both EphA3 (G) and EphA5 (H) are present in the ring of mitral cell nuclei. Sagittal sections at age P5 reveal expression of EphA3 in the outer layer of periglomerular cells and inner layer of mitral cells (I), as well as weaker expression in the central granule cell layer. The mitral cell layer at this age is identified by expression of the GABA A ␤1 receptor subunit (J) (Zhang et al., 1990
). There is no large-scale gradient of either ephrin mRNA in the olfactory epithelium nor of EphA mRNA in the olfactory bulb. m, mitral cell layer; pg, periglomerular cell layer. cise targeting of olfactory sensory axons, we would extive units. The SR1 glomeruli occupy a larger but nevertheless restricted range of ephrin levels between 2.0 pect that neurons expressing a given OR consistently exhibit the same amount of ephrin-A. We therefore and 3.6 relative units. Thus these two different sets of glomeruli sort within a restricted range of ephrin-A levasked whether levels of ephrin expression in subpopulations of neurons expressing a given OR are conserved els. Moreover, all SR1 glomeruli exhibit more ephrin-A protein than P2 glomeruli. These experiments indicate in different animals. Previously, we have used gene targeting to generate strains of mice in which neurons that neurons expressing different receptors express different levels of ephrins on their axons within glomeruli, expressing a given OR also express the fusion protein tauLacZ (Mombaerts et al., 1996) . In this manner, we can and these levels fall within a characteristic, restricted range in different animals. Thus, there is a correlation identify the individual glomeruli innervated by neurons expressing a given receptor. In this study, we have embetween the nature of the OR expressed by a given neuron and its level of ephrin-A expression. ployed two different modified OR alleles: SR1 and P2 (also designated MOR256-3 and MOR263-5, respectively) (Zhang and Firestein, 2002) . Alternating sections Generation of Mice Lacking Ephrin-A in Olfactory Sensory Neurons from mice containing labeled SR1-or P2-expressing neurons were stained with either X-gal or EphA3-AP We have examined the role of ephrin-As in the development of the olfactory sensory map by generating mice to determine the relative levels of ephrin expression in defined glomeruli. Visual inspection reveals intermedideficient for both ephrin-A3 and ephrin-A5. We constructed a strain lacking ephrin-A3 by replacement of ate levels of ephrin in both the SR1 (Figures 3A-3D ) and P2 glomeruli.
exons 2-4 in the mouse ephrin-A3 gene with a PGKneo cassette, by means of homologous recombination We have quantitated the ephrin levels more precisely ( Figures 3E and 3F ) by determining the intensity of ephrin in embryonic stem cells ( Figures 4A-4C ). Presumed splicing of exon 1 to exon 5 in mutant animals would lead staining for every glomerulus in a coronal section containing either an SR1 (eight sections, n ϭ 230) or P2 to a frameshift encoding an ephrin-A3 protein truncated after 45 amino acids, and thereby lacking 90% of the (four sections, n ϭ 103) glomerulus. This experiment demonstrates that there is a 5-fold difference in ephrin ectodomain required to bind Eph receptors (Himanen et al., 2001; Toth et al., 2001 ). We are therefore confident levels between the weakest-and strongest-staining glomeruli in the olfactory bulb. If the lowest ephrin-A level that this mutation represents a null allele. Homozygous ephrin-A3 mutant mice are viable, fertile, and display is assigned a value of 1 and the highest a value of 5, then the P2 glomeruli fall within a range of 1.6-1.9 relano gross morphological or behavioral abnormalities, ei- Mice mutant for ephrin-A5 have been generated preglomeruli were determined in olfactory bulbs from each of the compound mutants and compared to the locaviously by gene targeting (Frisé n et al., 1998). Examination of ephrin-A3 protein expression in olfactory bulbs tions of the wild-type P2 and SR1 glomeruli. Each glomerulus was assigned a coordinate on the anteropostefrom ephrin-A5 mutant animals, or conversely ephrin-A5 protein in ephrin-A3 mutant mice, reveals that each rior and dorsoventral axes relative to internal landmarks within the bulb. Examination of 122 SR1 glomeruli reprotein is independently expressed in a mosaic pattern (Figures 4D and 4E compared with Figure 2G ). We inveals a posterior shift in the location of both the medial and lateral glomerulus ( Figure 5A ). This shift is statistiterbred ephrin-A3 and ephrin-A5 mutant strains to eliminate all ephrin expression from olfactory sensory neurons. cally significant (p Ͻ 0.05) and results in a posterior displacement of the SR1 glomeruli over a distance apThe specificity of EphA3-AP staining is demonstrated by the absence of detectable ephrin-A in doubly mutant proximately 20% of the length of the the olfactory bulb (Table 1) . mice lacking both ephrin-A3 and ephrin-A5 ( Figure 4F ). Doubly mutant mice are often noticeably smaller than Examination of 94 P2 glomeruli reveals a similar posterior shift (Table 1) . On the medial aspect of the olfactory littermates and they exhibit no striking behavioral or morphological phenotypes except for the failure of febulb only, a smaller ventral shift is observed for the SR1 glomerulus whereas the P2 glomerulus is shifted males to nurse their young. Although the double mutants as well as ephrin-A5 single mutants have a diminished dorsally ( Figure 5B ). Thus mice deficient in ephrin expression exhibit alterations in glomerular targeting that survival rate up to weaning (Frisé n et al., 1998), sufficient numbers of progeny can be recovered to permit an analresult in significant posteriorization of the two specific glomeruli examined. Moreover, the larger shift exhibited ysis of the olfactory sensory map in the absence of ephrin-A expression.
by SR1 glomeruli correlates with the higher levels of ephrin-A protein present on SR1-expressing axons. No other morphological changes in glomerular number or Targeting Defects in Ephrin-A3/A5 Mutant Mice We examined the projections of olfactory sensory neucharacter are readily apparent, and there is no statistically significant difference in the size of the olfactory rons expressing a labeled OR allele in ephrin-A3/A5 mutant mice. Mice bearing a genetically modified P2 allele bulb between wild-type and ephrin-A3/A5 mutant mice. Since glomeruli are still present at the anterior region were crossed into the ephrin-A3/A5 mutant background. A similar cross was performed with mice bearing the of olfactory bulbs from the doubly mutant mice, it is unlikely that the several hundred unlabeled glomeruli SR1-IRES-tauLacZ allele. Both P2 and SR1 glomeruli are located centrally along the A/P dimension in the are all similarly shifted in mice lacking ephrin-A3 and ephrin-A5. The magnitude and direction of miswiring of marked by GFP, whereas P2 neurons that overexpress ephrin-A5 will contain tauLacZ. As a control, mice bearmutant axons is likely to depend on their endogenous ing the P2-IRES-GFP allele were crossed with mice bearephrin-A levels, such that neurons with high levels of ing a P2-IRES-tauLacZ allele, such that the two differephrin-A will show the maximal posterior shift and neuently labeled P2 alleles in this case will contain equal rons with low ephrin-A levels may exhibit a minimal shift ephrin-A levels. and by necessity be displaced anteriorly.
In control heterozygotes bearing a P2-IRES-GFP and a P2-IRES-tauLacZ allele, neurons expressing P2 invariEphrin-A Overexpression Alters the Sensory Map ably co-converge on the same glomerulus ( Figure 6B ). The loss-of-function experiments indicate that the ephThe positions of GFP-labeled and tauLacZ-labeled P2 rins may serve as guidance molecules that participate glomeruli were then examined on sections of the olfacin the formation of a precise topographic map. We have tory bulb from six heterozygous mice containing the extended these observations with gain-of-function exephrin-A5 overexpressing allele in trans to the GFPperiments in which neurons expressing the P2 receptor labeled allele. In the 12 olfactory bulbs, the glomeruli overexpress ephrin-A5 in a genetic background that is formed by neurons expressing the P2-IRES-GFP allele either wild-type or mutant for ephrin-A expression. Figure 2G ). Ephrin-A5 is present at lower levels, in accordance with lower ephrin-A5 mRNA levels in the olfactory epithelium (compare panels E and F in Figure 1 ). In the ephrin-A3/A5 doubly mutant mice (F), there is no apparent ephrin-A protein in the olfactory bulb.
If olfactory sensory neurons employ differences in P2 allele. In each of three mice, the amount of ephrin-A protein detected by EphA3-AP staining is less than 20% ephrin-A levels to discriminate precisely among glomeruli, then we expect that axons from neurons expressing of the levels of endogenous ephrin-A protein present in the wild-type P2 glomerulus (data not shown). This the P2-IRES-ephrin-A5-IRES-tauLacZ allele would display a greater separation from GFP-labeled axons in an relatively low level of ephrin-A expressed under translational control of the IRES may explain the small but consisephrin-A3/A5 doubly mutant background as compared to the wild-type situation. In accord with this prediction, tent displacement in glomerular position that we observe. Thus, deletion of ephrin genes results in a characteristic the axons from neurons expressing this allele in doubly mutant mice converge to a location 3-4 glomeruli disposterior and dorsal shift in glomerular targeting for P2 axons, whereas overexpression of ephrin-A5 leads to a placed from the P2 glomerulus innervated by GFPexpressing axons ( Figure 6D ). This displacement is alreciprocal anterior and ventral displacement of glomeruli, providing evidence that the ephrin-As instruct the ways greater than we observe for this heterozygous combination in a wild-type background and occurred in formation of a precise olfactory sensory map. all 16 pairs of P2 glomeruli from four mice doubly mutant for ephrin-A3/A5. In this study, we demonstrate that ephrin-As govern the formation of a topographic map in the bulb. Neurons expressing different odorant receptors express different 
